C ompelling evidence shows that immune activities are regulated by a subpopulation of CD4 ϩ T cells that display antiinflammatory and antiproliferative functions. Such regulatory T cells (T reg ) are believed to mediate tolerance and generally inhibit immune responses potentially deleterious to the host. CD4 ϩ T reg have been implicated in the induction and maintenance of transplantation tolerance (1) (2) (3) , in the control of pathogenic inflammatory responses to non-self-antigens (4, 5) , and in the prevention of ''spontaneous'' autoimmunity (6, 7) . T reg are enriched in the naturally activated subset of CD4 ϩ T cells, which constitutively express the CD25 (IL-2R␣) molecule (8) (9) (10) (11) (12) (13) (14) (15) (16) and are also detected in the CD25 Ϫ 45RB/C low compartment (12, 15) . In vitro CD25 ϩ 4 ϩ T cells are nonproliferative to antigenic stimulation, and upon T cell antigen receptor (TCR) triggering, inhibit the activation/proliferation of other T cells in an antigen-nonspecific manner (17, 18) . Little is known, however, about antigens that control the development and effector functions of CD4 ϩ T reg .
T reg are generated in the thymus through high-avidity interactions with self-peptides presented by thymic epithelium (12, (19) (20) (21) (22) (23) (24) (25) . However, CD4 ϩ T reg preventing organ-specific autoimmunity recognize tissue-specific self-antigens in the periphery, a necessary requirement for their function and maintenance (23, (26) (27) (28) . Two alternative models aim at explaining this apparent paradox: one postulates that all relevant ''tissue-specific'' peptides are also expressed intrathymically, such that T reg can be locally selected and committed (23, 29) ; the other suggests that intrathymically selected CD4 ϩ T reg , once in the periphery, induce tissue-specific naïve T cells to differentiate into T reg through a process of infectious tolerance (3, 30) or ''peripheral education'' (2).
The anti-myelin basic protein (MBP) TCR transgenic (Tg) mice generated by Lafaille et al. (31) provide a powerful tool to investigate the repertoire requirements for T reg development and function. These animals, transgenic for the ␣-and ␤-chains of a TCR specific for the NH 2 -terminal Ac1-17 peptide of MBP associated with the I-A u molecule (31) , present a peripheral T cell repertoire largely dominated by the MBP-specific CD4 ϩ T cells. Although these cells are not anergic, and the original TCR had been isolated from a pathogenic T cell clone, the mice (designated T/R ϩ ) never spontaneously develop experimental autoimmune encephalomyelitis (EAE). However, when the transgenes are introduced into a recombination-activating gene (RAG)-1-deficient genetic background, the T cell repertoire is strictly monoclonal, and all mice (T/R Ϫ ) develop EAE spontaneously at an early age (31) . Extensive analyses of transgenic animals deficient for various lymphocyte populations established that prevention of EAE in T/R ϩ mice is due to CD4 ϩ T reg expressing endogenous TCRs (32, 33) . In addition, a single injection of as few as 2 ϫ 10 5 CD4 ϩ single-positive thymocytes or peripheral CD4 ϩ cells obtained from nontransgenic wild-type (R ϩ ) mice prevents the development of EAE in T/R Ϫ mice (32, 33) . Finally, a monoclonal CD4 ϩ T cell population specific to a foreign antigen failed to prevent EAE, indicating that TCR specificity is critical for T reg generation and/or effector function (34) . However, the nature of the ligand(s) necessary for T reg to prevent EAE remains to be identified.
In this study, we investigated the role of CD25 ϩ 4 ϩ cells in preventing autoimmune disease in this model. We further assessed the TCR specificities required for generation and effector functions of CD25 ϩ 4 ϩ T reg cells. We show that MBP-specific CD25 ϩ 4 ϩ T cells prevent spontaneous EAE in T/R ϩ mice, and that their development requires additional, endogenously encoded TCR␣ chains. Thus the effector function of T reg is MBP-specific, but their development and/or commitment requires interactions with other antigenic ligands in the thymus.
Materials and Methods
Mice. All animals were bred and maintained under specific pathogen-free conditions in our animal facilities. Anti-MBP TCR Tg mice on a wild-type (T/R ϩ ), RAG-1 (33) , and anti-Fc␥R (2.4G2) mAbs were produced in the laboratory. The PC61 and 3H12 hybridoma lines were kind gifts from S. Sakaguchi (Kyoto University, Kyoto, Japan), and J. Lafaille (New York University School of Medicine), respectively. The PC61 and 3H12 mAbs were conjugated with Alexa Fluor 488, R-PE (Molecular Probes) or biotin (Sigma) according to the manufacturer's instructions. FITC-, phycoerythrin-, or allophycocyanin-labeled anti-CD4 (RM4-5) and biotinylated anti-CD8␣ (53-6.7) were purchased from PharMingen.
All stainings were performed on cells preincubated for 10 min at 4°C with anti-Fc␥R mAb. Biotinylated Abs were revealed with FITC-, phycoerythrin-, or allophycocyanin-labeled Streptavidin (PharMingen). Samples were suspended in 2%FCS/PBS containing 1 g/ml propidium iodide to gate out dead cells, and analyzed on a FACSCalibur instrument (Becton Dickinson). To assess expression of CD25 and Tg-TCR in the thymus, thymocytes were first depleted of CD8 ϩ cells by magnetic separation with biotinylated anti-CD8␣ and Streptavidin-conjugated Dynabeads M280 (Dynal, Oslo, Norway). The resulting population contained Ͻ0.1% CD8 ϩ cells.
For fluorescence-activated cell-sorter purification, pooled LN and spleen cells were first depleted of IgM ϩ lymphocytes by panning with anti-IgM Ab (Sigma) before staining. Cell sorting was performed on a MoFlo High Speed Cellsorter (Cytomation, Fort Collins, CO). The purity of all cell preparations was Ͼ96%.
In Vitro Proliferation Assay. Sorted subpopulations of CD4 plemented with 10 g of glycogen by using Trizol reagent and reverse transcribed by using Superscript II RT and oligo(dT) [12] [13] [14] [15] [16] [17] [18] primer (Life Technologies). The amount of cDNA in each sample was first normalized after semiquantitative PCR for CD3. Reaction mixture (40 l) contained 1/50 of the cDNA, 1.5 mM MgCl 2 , 0.2 mM dNTP, 0.5 M sense and antisense primer, and 1.0 units of Taq DNA polymerase (Life Technologies) in the supplier's buffer. PCRs were performed on a PTC-100 Programmable Thermal Controller (MJ Research, Watertown, MA) and consisted of a 2.5-min denaturation step at 94°C followed by 27 cycles of 30 s at 94°C, 30 s at 55°C, and 30 s at 72°C, terminated by a 5-min extension step at 72°C. CD3 primers were 5Ј-GCC TCA GAA GCA TGA TAA GC-3Ј (sense) and 5Ј-CCC AGA GTG ATA CAG ATG TC-3Ј (antisense). Amplification of specific V␤ and V␣ cDNA was performed by pairing each V␤ (or V␣)-specific primer with a C␤ (or C␣)-specific primer as described (35, 36) .
Immunoscope Analysis of TCR V␤ and V␣ Repertoires. Amplicon from each V␤-C␤ (or V␣-C␣) PCRs was used as a template for an elongation (runoff) reaction with carboxyfluorescein-labeled C␤-(or C␣-) specific nested primers as described (35, 36) . The runoff products were subjected to electrophoresis in an automated DNA sequencer (377; PE Applied Biosystems). Size and fluorescent intensity of each peak were determined with IMMUNOSCOPE software (35) Fig. 1 B and C) by using the anti-clonotype mAb 3H12 (33) . As shown (31) (32) (33) , almost all peripheral, and nearly all thymic, CD25 (Fig. 2) .
Results

MBP-Specific CD25
To assess whether CD25 (Fig. 1 A) , indicating that the generation of these populations relies on the production of endogenous TCR-expressing cells. Because allelic exclusion at the endogenous TCR␣ locus operates at low stringency (33) (Fig. 3) . Because 3H12 ϩ CD25 ϩ T cells are generated in T/R ϩ mice but not in T/R Ϫ mice (Fig. 1 A) , their development is likely to depend on the expression of endogenous TCR chains. If this dependence were the case, 3H12 ϩ CD25 ϩ cells would not be expected to be generated in TCR transgenic mice with a C␣-deficient background (T/␣ Ϫ ) (32) . Indeed, as can be seen in 4 . IMMUNOSCOPE analysis of TCR␤ rearrangements reveals oligoclonality of the NTg populations of CD25 ϩ and CD25 Ϫ 4 ϩ cells from T/R ϩ mice. cDNA made from total RNA extracted from the sorted CD4 ϩ T cell subpopulations (1 ϫ 10 5 ) was subjected to PCR amplification with the indicated V␤-and a C␤-specific primer. The PCR products were subjected to run-off reactions with a nested fluorescent C␤-specific primer and their CDR3 length profiles determined. Results are representative of 3 T/R ϩ and 2 R ϩ mice. endogenous TCR␤Ϫ were detectable, although their frequencies were reduced when compared with T/␣ ϩ littermates. The absence of 3H12 ϩ CD25 ϩ cells in T/␣ Ϫ explains the previous finding that nearly all of these mice spontaneously develop EAE (32, 33) .
Discussion
In this study, we have investigated the specificity requirements for development and effector functions of CD25 ϩ 4 ϩ regulatory T cells in the anti-MBP TCR Tg mouse model. We report that T/R ϩ mice contain MBP-specific ''anergic''/suppressive CD25 ϩ 4 ϩ T cells expressing the Tg-TCR, which play an indispensable role in inhibiting the MBP-specific response of CD25 Ϫ 4 ϩ cells in vitro, and in preventing EAE in vivo. Furthermore, we show that the development of this Tg T reg population requires the coexpression of endogenously encoded TCR␣ chains.
CD25 ؉ 4 ؉ T Cells Protect T/R ؊ Mice from Spontaneous EAE. Previous studies have shown that CD4 ϩ T reg expressing endogenously encoded TCRs ensure tolerance to MBP in transgenic mice (32, 33) . We now report that CD25 ϩ 4 ϩ T cells, coexpressing CTLA-4 and IL-2R␤ chains, obtained from either T/R ϩ or R ϩ donors, suffice to prevent the development of spontaneous EAE on transfer to T/R Ϫ recipients. These markers are also expressed by T reg that are protective in other disease models (8) (9) (10) (11) (12) (13) . However, a previous study described the transfer of tolerance to T/R Ϫ recipients by R ϩ splenocytes that were depleted of CD25 ϩ cells (34) . We were unable to confirm this finding, because in our hands TR Ϫ recipients of CD25 Ϫ cells developed fatal bowel disease, presumably because our mice had more intestinal bacteria than the recipients used in the previous study. In other systems, peripheral CD4 ϩ T reg have been detected in a compartment of activated/memory cells defined by markers other than CD25 (reviewed in refs. 5 and 6), including the CD25 Ϫ 45RB/C low population (12, 15) . We found that all cells expressing endogenous encoded TCR in T/R ϩ mice display an activated/memor y phenotype (CD45RB low , CD44 high , CD62L low ) (not shown) and present the same oligoclonal repertoire, irrespective of CD25 expression (Fig. 4) , an indication that they may also share the same function. Not withstanding the fact that some T reg may lack CD25 expression, the present study deals exclusively with CD25 expressing T reg . (22, 38) . It has been proposed that TCRs composed of endogenous ␣-chains and transgenic ␤-chains are required for the development and/or function of T reg (22, 38) . Acquisition of regulatory functions (and CD25 expression) by CD4 ϩ T cells expressing an ovalbuminspecific Tg-TCR has been shown to require exposure to specific antigen (39) . A more recent study demonstrated that thymocytes expressing self-antigen-specific transgenic TCR differentiate into CD25 ϩ 4 ϩ T reg only, if they recognize with high avidity the agonist peptide on the surface of thymic epithelium (24) . It is likely, therefore, that in the transgenic TCR specific for nonself-antigens (22, 38) , no high-affinity ligands are available in the thymus for Tg-TCR-dependent selection/commitment to regulatory functions. Commitment to regulatory functions (and CD25 expression) in TCR Tg mice would thus have to be ensured by novel TCR reactivities provided by endogenous TCR␣ chain expression. In agreement with this model, we show here that Tg CD25 ϩ 4 ϩ cells indeed expressed endogenous TCR␣ chains, but not endogenous TCR␤ chains.
On the other hand, in contrast with systems of anti-nonselfTCRs, we are dealing here with an anti-self (MBP) TCR, ensuring the potential exposure of MBP-specific Tg cells to their nominal peptide during all phases of development, and making it difficult to interpret the requirement for additional (endogenous) specificities in T reg development. Thus, expression and presentation of both Golli-MBP and classic MBP in the thymus and in LN has been reported repeatedly (40) (41) (42) . As T/R Ϫ mice spontaneously develop EAE, it is clear that Tg T cells and their effector progenies can productively interact with the respective peptide/MHC complexes in the periphery. On the other hand, because the same T/R Ϫ mice contain undetectable Tg CD25 ϩ 4 ϩ cells either in the thymus or in the periphery, we must conclude that TCR Tg cells are either not exposed to specific peptide/ MHC complexes in the thymus, or else that the T cell avidity requirements for commitment to regulatory functions are more stringent that those required for activation of other effector functions. Because, at present, no specific information exists on the intrathymic availability of the nominal peptide, we would prefer the former alternative. Even if the MBP Ac1-17 peptide is expressed intrathymically, because it forms short-lived complexes with I-A u (43) , this expression may be incompatible with the threshold required for induction of CD25 ϩ 4 ϩ T reg , but be sufficient for activation of Tg cells in the concentrations and conditions of presentation that are available in the periphery. Yet another alternative is that T reg commitment would generally require signaling through two distinct TCRs, a hypothesis we find unlikely because anti-MBP and anti-ovalbumin double transgenic mice on a RAG-1-deficient background display CD4 ϩ cells expressing various ratios of each Tg-TCR and systematically develop EAE (5) . The present results are therefore in agreement with the current notion that CD4 ϩ T reg are committed in the thymus, possibly through selective interactions with thymic epithelium (12, (19) (20) (21) (22) (23) (24) (25) .
Our analyses open up the possibility that the establishment of peripheral tolerance largely depends on T reg which express more than one TCR. One TCR, specific for antigens present exclusively in the periphery, mediates specific regulatory functions, whereas the other allows thymic selection/commitment. Indeed, the relaxed allelic exclusion at the ␣ locus may have developed to allow for the generation of double-TCR expressing T reg . Quantitative and functional analyses of double V␣ expressors inside CD25 ϩ 4 ϩ populations will help clarify this point.
